Brain Computer Interfaces (BCI) currently represent a field of intense research aimed both at understanding neural circuit physiology and at providing functional therapy for traumatic or degenerative neurological conditions. Due to its chemical inertness, biocompatibility and stability, diamond is currently being actively investigated as a potential substrate material for culturing cells and for use as the electrically active component of a neural sensor. Here we provide a protocol for the differentiation of mature, electrically active neurons on microcrystalline synthetic thin-film diamond substrates starting from undifferentiated pluripotent stem cells. Furthermore, we investigate the optimal characteristics of the diamond microstructure for long-term neuronal sustainability. We also analyze the effect of boron as a dopant for such a culture. We found that the diamond crystalline structure has a significant influence on the neuronal culture unlike the boron doping. Specifically, small diamond microcrystals promote higher neurite density formation. We find that boron incorporated into the diamond does not influence the neurite density and has no deleterious effect on cell survival.
Introduction
In the past 10 years diamond has emerged as a biomaterial targeted towards neural implants [1e3], driven by the maturing technology of chemical vapour deposition (CVD) which allows thin films of diamond to be deposited relatively inexpensively over areas of many square cm [4, 5] . Inherent to diamond are a number of characteristics which make it a desirable substrate for tissue implantation. Diamond is not chemically reactive, it is not immunogenic and it is stable over extremely long periods of time. This means that a diamond prosthesis will very likely survive the patient [6e10] . Considering diamond's extreme rigidity, such prostheses would be unsuitable for implantation into moving parts of the body and, would be best suited for Brain Computer Interfaces (BCI). An attractive feature of diamond is that while it is electrically insulating in its pure form, it can be made conductive by doping with atoms that could act either as donors or acceptors of electrons and thus, able to conduct electrical impulses from/to adjacent cells [11, 12] . The advantage of this method is that the conductive and insulating part of an electrode would be made of the same bioinert material. Rodent and human neurons, derived from neural progenitors and neural stem cells, have been successfully cultured on diamond or diamond like carbon substrates [1,2,13e17] , and have been reported to grow along pre-patterned diamond or diamond like carbon stripes to form 2D neural networks [18] . Recently, a boron-doped diamond probe implanted in rodents in contact with the cerebral cortex for six months has been shown to be free of any major histological or physiological side-effects [3] , and a diamond retinal prosthesis has been proposed [19] . Furthermore, nitrogen included ultrananocrystalline diamond and boron doped diamond have been shown to induce less fibrotic encapsulation than silicon [20] .
Of note, diamond's unusual properties make it a potentially much more useful substrate than a simple replacement for the current titanium cortical implants. Specifically two "in vitro" lines of investigation are currently open. One involves the study of the direct interaction of neurons with the substrate, both mechanically and electrically, towards optimization of the probes of the future. The other involves the study of neuronal aging and degeneration in an electro-physiological context on a diamond multi-electrode array (MEA). Both these lines of investigation are dependent on the long-term culture of specific types of mature human neurons. However, the extreme sensitivity to "in vitro" manipulation and very limited availability of human mature neurons, as well as the limited differentiation potential of neural progenitors, are significant constraining factors. Therefore, the ideal solution would be the "in vitro" generation of mature neurons from pluripotent stem cells.
Currently there are two sources of human pluripotent cells: epiblast-derived human embryonic stem cells (hESC) and adult cells converted "back to pluripotency", also termed human induced-pluripotent stem cells (hIPS). hIPS are pluripotent cells derived from adult donors which allow both "in vitro", highly reproducible studies of specific diseases, as well as transplantation back into the patient, free of host-versus-graft reaction.
Since neuronal differentiation from pluripotent cells reflects the long human development, any differentiation protocol would have to face the challenges of extended time in culture; i.e. over 100 days. Currently, human pluripotent cells are being differentiated into various neuronal subtypes in monolayer, on plastic and in defined chemical conditions. Following the successful culture of mammalian neural cells on diamond substrates [1,2,13e15,17,18] it could be inferred that differentiation towards neuronal fates from human pluripotent cells should also be possible on these substrates. However, the optimal conditions that would support human neurons in long-term culture are currently unknown.
Furthermore, cell response to diamond doped with boron, an electron acceptor, is also poorly understood. Boron is an element with dose-dependent toxicity. In laboratory animals, boron compounds have been found to be toxic only at very high doses [21, 22] , while in humans, studies of workers chronically exposed to relatively high levels, failed to demonstrate pathological consequences [23, 24] . However, exposure to boron leads to accumulation in the brain [25] and, in vitro testing indicated that boron nanotubes are more toxic than carbon nanotubes to cells in culture [26] .
We present here a protocol for differentiation of human IPS cells into cortical neurons on microcrystalline diamond and investigate the role of diamond structure in this process. We also show that diamond doped with boron, an electron acceptor, does not adversely influence either the differentiation process or the health and viability of the neurons.
Material and methods

Diamond characterization
Commercial diamond was purchased from Element Six, Ltd., either as a single-crystal plate (P2, 145-500-0055), or as a polycrystalline smooth-polished diamond plate (TM-CVD 145-500-0090). These were compared with the in-house produced diamond as previously described [4] . Briefly, a thin diamond film was deposited on a silicon wafer (Silicon Materials <100>) in a hot filament reactor using standard chemical vapour deposition (CVD) conditions (1%CH 4 in H 2 , 2.67 kPa pressure, filament temperature 2400 K, substrate temperature~1100 K, for 2e12 h). This produced an insulating, continuous microcrystalline diamond film at a rate of about 0.5 mm h
À1
. For boron-doped diamond 2000 ppm diborane gas was added to the mixture which increased the conductivity of the diamond film to near-metallic [27] .
All samples were then cleaned in concentrated nitric acid (68% v/v). The as-grown hydrogen-terminated diamond surface was then converted to a predominantly oxygen-terminated surface, as previously described [2] , by exposing the sample to ozone for 20 min (UVO cleaner, Jetlight Co. 42A-220). Previous reports [2] have shown that oxygen-terminated diamond surfaces are preferable for cell survival.
To test the best diamond structure for neural culture we made use of a feature of diamond CVD that the size of the crystals produced depends on the deposition time. To that effect, we employed a hot filament reactor to grow polycrystalline diamond films for times ranging between 2 and 12 h (Fig. 1 , and Suppl. Fig. 1 ). The supportive properties of the in-house diamond were compared with those of a polycrystalline smooth-polished diamond (Suppl. Fig. 2) .
The diamond crystals were imaged by scanning electron microscopy (SEM), using a Quanta 400FEI system. To quantitatively assess the size of the crystals produced, two complementary methods were used: measurement of the average distance between the sharp peaks of 2 adjacent crystals, and counting the number of sharp peaks within an area of 1 mm 2 ( Fig. 2) . We speculated that these are the parameters with most biological significance, as the sharp corners of the crystal facets are the most conspicuous structural features a cell will encounter. The boron-doped diamond crystals (Suppl. Fig. 1 ) were slightly larger than the corresponding undoped crystals grown for the same amount of time. However, quantification indicated that although larger, the boron-doped diamond crystals were not large enough to match the size of the next tier of undoped diamond crystals (Suppl. Fig. 3 ).
Raman spectroscopy
The Raman spectra were measured at room temperature by means of a Renishaw spectrometer. The samples were excited using an argon-ion laser at l ¼ 515.5 nm. The laser power was set to 6 mW and the spot size to 15 mm. The spectra for undoped and Bdoped diamond (Fig. 3) are consistent with high quality microcrystalline diamond films with little or no graphitic impurities [28] .
ES/IPS cell culture
We set out to adapt the current protocols for differentiating human pluripotent cells towards neuronal lineages [29e31] to the specifics of a diamond substrate. Furthermore, a requirement for cells used for regenerative medicine is that they are cultured in fully defined conditions free of animal components (xeno-free). Human pluripotent cells are routinely cultured on a feeder layer of mouse embryonic fibroblasts (MEFs) in Knock-Out Serum Replacement (KOSR), which contains bovine serum albumin (BSA). Consequently, the culture conditions are neither defined nor xeno-free. A feederfree system has been applied successfully (TeSR) [32] . However, this system uses Matrigel as a substrate (a poorly defined matrix of animal origin) and requires BSA. Recently, two fully defined, xenofree systems became commercially available: Essential 8™ (LifeTechnologies) [33] and, StemFit™ (Ajinomoto Co., Inc.) [34] . However, most protocols for neuronal differentiation from hIPS use KOSR-based media as the starting point.
Three pluripotent lines have been used for this study: ES-Shef6 (MRC Stem Cell Bank), IPS-MSU (Michigan State University) and IPS-NAS2 (Dr. Tilo Kunath laboratory) [35] . Cells were maintained in xeno-free and feeder-free E8 medium as recommended by the manufacturer (LifeTechnologies, A1517001). Briefly, cells were cultured on truncated Vitronectin (VTN-N; LifeTechnologies, A14700) coated tissue-culture-treated dishes (Thermo-Fisher, 11844335) and passaged every 4e5 days with ethylenediaminetetraacetic acid (EDTA) (LifeTechnologies, 15575-020).
For neuronal differentiation, cells were cultured either in 12-well plates (Thermo-Fisher, 10098870), 6-well plates (ThermoFisher, 10119831) or on diamond substrates, coated either with the truncated form of vitronectin or with a combination of poly-Lornithine 0.01% (SigmaeAldrich, P4957-50 ML) and laminin 10 mg ml and 100 mg ml À1 streptomycin. Cells were maintained at 37 C in a humidified atmosphere containing 5% CO 2 .
We set out to generate a protocol for neuronal differentiation from hIPSs and hESCs starting from cells cultured in Essential 8 (E8) medium. Our differentiation protocol is one in which the instructive cues are absent, allowing for a "default differentiation", which could be later used as a starting point for the generation of specific neuronal subtypes. First, we observed that pluripotent cells maintained in E8 medium proliferate faster than those maintained in KOSR, and that this fast rate continues for a few days after E8 has been removed. For this reason, the initial cell density had to be lowered (compared to the ones recommended in KOSR protocols) [29e31]. Pluripotent cells were passaged as usual on VTN-N-coated tissue-culture-treated plates and grown in E8 medium up to a confluency of 40e80%, depending on cell line. At this point, differentiation was started by changing the medium to N2B27-R (schematic diagram Fig. 4a ). To block differentiation towards nonneural fates we employed the dual SMAD inhibition by the small molecules SB/LDN combination (SB431542 10 mM (Tocris, 1614) and LDN193189 100 nM (SigmaeAldrich, SML0559)) for the first 10e12 days. After that time, differentiating cells continued to be cultured in N2B27-R medium without inhibitors and passaged as required (usually every 1e3 weeks) using Dispase on poly-L-ornithine/laminin-coated tissue-culture treated dishes. After 30e40 days, when obvious neuronal cells with neurites became predominant, Dispase was replaced by Accutase as the enzyme of choice for cell dissociation. Between days 50e70, cells underwent the final passage onto diamond.
Cells were dissociated either with Dispase II (SigmaeAldrich, D4693) or StemPro ® Accutase ® (Life-Technologies, A11105-01) according to manufacturer instructions.
Immunocytochemistry
Cells were fixed at the appropriate time points with 4%(wt/vol) paraformaldehyde in phosphate-buffered saline (PBS) with 1 mM calcium chloride for 20 min. Cells were blocked in a solution containing 5% normal serum (of the species in which the secondary antibody was raised), 1% BSA and 0.3% Triton X in PBS. All steps were performed at room temperature except for cleaved Caspase 3 which was incubated overnight at 4 C. Images were taken using a Leica SP8 confocal system. For each field between 4 and 10 stacked images were obtained and the maximum projection was used for analysis.
Quantification
For assessment of the diamond crystal structure either the distance between the sharp peaks of two adjacent crystals, or the number of sharp peaks observed in an area of 1 mm 2 were assessed using ImageJ software version 1.49b. Each data point represents 20 distances or areas measured on four different SEM fields from two 
samples.
For immunofluorescence quantification the percentages of marker-positive cells were determined in samples derived from three independent experiments. The decision to image a specific field was made exclusively on the presence of nuclei; for each image the number of Hoechst-positive nuclei was assessed first, then the number of cells expressing the marker of interest was counted. The quantification of the area devoid of neurites was assessed in ImageJ as the sum area of the particles with background intensity signal. Each data point represents at least 6 fields.
The statistical significance was determined using One-way ANOVA followed by a Tukey HSD post hoc test. For statistical analysis 'R' version 3.1.1 was used (The R foundation for Statistical Computing, 2014). All data are presented as mean ± standard error of the mean.
Oxidative stress
Cell culture media were supplemented with hydrogen peroxide solution (Sigma, H1009). For this experiment the media formulation was the same as N2B27-L, except that Neurobasal and B27 were removed and replaced with DMEM/F-12 and N2, respectively, and 2-mercaptoethanol was reduced to 50 mM. A dose curve indicated that cell exposure to 50 mM of hydrogen peroxide for 24 h does not induce full-scale apoptosis in our cell types. Hydrogen peroxide was first diluted in water (SigmaeAldrich W3500) to a concentration of 0.1 M and then in DMEM/F-12 to a concentration of 1 mM. This working solution was applied to the cell media within 5 min from the first hydrogen peroxide dilution.
Electrophysiology
Patch clamp recordings of stem-cells grown onto a diamond scaffold were performed after more than 150 days in culture. The whole diamond scaffold was transferred into a submersion-style recording chamber. The cells were continuously perfused (2e3 ml/min) with Hepes Balanced Salt Solution (HBSS) containing 130 mM NaCl, 3 mM KCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic (HEPES)-free acid, 1 mM MgCl 2 , 2 mM CaCl 2 and 10 mM glucose, pH 7.3, 32 C, 290e300 mOsm. Cells were visualized using infrared differential interference contrast microscopy (Olympus, BX51WI). Standard glass micropipettes of resistance 2.5e6 MU were used for recordings, filled with an internal solution containing: 145 mM K-gluconate, 5 mM NaCl, 10 mM HEPES-free acid, 0.2 mM EGTA, 0.3 mM Na-GTP, 4 mM Mg-ATP; pH 7.3; 280e290 mOsm. The liquid junction potential (JPC) that arose from the combination of bath and pipette solution was corrected for arithmetically.
All measurements were made using a Multiclamp 700B patchclamp amplifier (Molecular Devices, USA). Data were low-pass filtered (5e10 kHz), digitised (100 kHz) and subsequently visualized and stored on a PC using pClamp electrophysiology software. Following entry into the whole-cell recording configuration, pipette capacitance was neutralized and the series resistance was compensated (10%e80% correction). Voltage-clamp (VC) recordings were made for the quantitative evaluation of voltage-gated currents; starting from a holding voltage of À82 mV, 12 voltage steps (10 mV for 30 ms) were applied and the consequent voltage-gated currents were measured. After VC recordings were completed, the amplifier was switched to I ¼ 0 pA current injection and the resting membrane potential (RMP) was assessed. Subsequent currentclamp (CC) recordings were performed to assess passive properties and eventual action-potential generation. These consisted in the application of 9 square-wave current pulses of 500 ms (À20, À10, 10, 20, 30, 40, 50, 60, 70 pA) . Such recordings were performed whilst keeping the pre-stimulus membrane voltage V m at À67 mV with a constant current injection, in order to avoid biases arising from cell-to-cell variability in RMP.
Data analysis and statistics
For the characterization of the biophysical properties of voltagegated outward current conductances (K þ channels), GV curves were compiled for each cell by plotting specific conductance (nS/pF) vs test voltage. Data for both peak and steady-state plateau were acquired (Fig. 6A) . Conductance density was used in order to account for cell-to-cell variability in size. G Max and V 1/2 values were calculated by single Boltzmann fits to the GV curve for each cell. For CC recordings, the input resistance (R i ) was calculated using Ohm's law measuring the voltage deflection induced by a hyperpolarizing À20 pA, 500 ms current step. The change of input resistance (R i ) upon increasing depolarization was represented by plotting the V m deflection vs the relative injected current step. For both VC and CC recordings, data are presented in the format "mean ± standard error of the mean (s.e.m.)". A paired Student's ttest was used to compare G Max and V 1/2 at the peak and plateau.
Results
Diamond supports long term culture of human neurons
In the course of the neuronal differentiation protocol we observed that the polyornithine/laminin coating of the substrate was effective in maintaining cellular attachment to the substrate in the first stages of the protocol, when cells were passaged relatively frequently. However, during final neuronal differentiation it became difficult to maintain the monolayer attached to diamond long term (over 30 days). This problem was solved by supplementing the media with laminin (2 mg ml À1 ) once a week (Fig. 4b) .
Furthermore, N2B27-R medium has a formulation very similar to the original N2B27 developed over 10 years ago for the neural differentiation of mouse ES cells [36] . Since mouse neural progenitors are highly proliferating cells, able to undergo terminal neuronal differentiation in just two weeks, we inferred that this particular formulation might not be ideally suited for long-term maintenance of human neurons. For this reason we developed a related medium (N2B27-L) with reduced levels of insulin, nonessential amino acids and glutamine. Two weeks after passage onto the diamond substrate the media was changed from N2B27-R to N2B27-L (Fig. 4a) . This media modification allowed us to consistently culture neuronal cells on diamond past 200 days of differentiation.
During development, neural progenitors produce two major cell classes: neurons and glia. The choice between these two fates is temporally regulated by specific transcription factors; neurons being produced earlier and glia later [37] . The presence of glial cells in culture is required for the full maturation of neuronal cells [38] , and the extended time of our protocol of over 150 days of differentiation allowed the generation of glia alongside neuronal cells. Staining for the neuronal specific form of tubulin (TuJ1) and for the glial fibrillary acidic protein (a type of intermediary filament expressed specifically in astrocytes) showed the two types of cells intermingled (Fig. 5) .
Neuronal maturation on diamond substrates
Furthermore, we assessed the presence of synaptic markers in the differentiated neurons. In the human brain the majority of synapses are excitatory. PSD95 is a scaffold protein essential for the architecture of such synapses [39] . We found it to be ubiquitously expressed as punctae associated with the TuJ1 filaments (Fig. 5) . The clustering of PSD95 in punctae suggests that the protein is located at the synaptic level. Glutamate is the main neurotransmitter of excitatory synapses and two vesicular transporters for this molecule are active in the brain: vGlut1 and vGlut2. vGlut1 is mainly expressed in telencephalic regions [40] . We observed vGlut1 to be expressed in vesicles associated with the TuJ1 filaments (Fig. 5) . In contrast, observation of neurons positive for GABA, the main inhibitory neurotransmitter of the mammalian central nervous system [41] , represented a rare event (Fig. 5) . Together, these data suggest that our protocol produces mature neurons forming mainly excitatory synapses belonging most likely to the neocortex. Additionally, the presence of rare GABAergic neurons indicates that these neuronal types could also be produced with minor modifications to the protocol.
The functional profile of neuronal stem cells grown on a diamond substrate was assessed by performing patch-clamp wholecell recordings on two samples left to differentiate in culture for an extended period of time (over 150 days). Immediately after entering whole-cell VC mode, the membrane capacitance was assessed and series resistance compensated for (10e80% correction). The application of 10 mV voltage steps revealed the presence of large outward K þ currents (including a fast inactivating peak and non-inactivating plateau). In the majority of cells the outward current was preceded by a fast, inward-going, presumably Na þ current (Fig. 6AeB) . We focused our analysis on outward K þ currents as (i) these were present in all cells, and (ii) measurements of the very fast Na þ current were compromised by voltage-clamp issues (arising from the complex cellular geometry of mature neurons) and the effects of the rapidly following K þ currents. The increase of outward current density and conductance (G) with increasing voltage depolarization followed a Boltzmann fit, both when measured at peak or at plateau (Fig 6C) . Cell-to-cell fit of the GV curve with a single Boltzmann function revealed a small but significant increase of the extrapolated K þ G Max density of the peak vs the plateau (n ¼ 26; Peak: 0.497 nS/pF ± 0.06 nS/pF vs Plateau: 0.436 nS/pF ± 0.05 nS/pF, paired t-test p ¼ 0.001; Fig 6D) but no difference was observed in V 1/2 (Peak: À15.5 mV ± 1.6 mV vs Plateau: À13.9 mV ± 1.3 mV, paired t-test p ¼ 0.2; not shown).
In current-clamp measurements, the average RMP and R i of these cells was À49.9 mV ± 3.1 mV and 1.07 ± 0.04 GU, respectively. An example of the response to current injection is shown in Fig. 6E . In accordance with the voltage-clamp data above, input resistance decreased as the cells were increasingly depolarized using incrementally large current injections, as illustrated by Fig. 6F which plots steady-state voltage response vs injected current for 7 cells resting at~À67 mV.
Neurite density depends on diamond microstructure
At this point we assessed the relationship between the neurons produced and the diamond surface characteristics. One line of investigation concerned the roughness of the surface on which cells were cultured. For this purpose we compared a commercial smooth-polished diamond surface with in-house produced polycrystalline, unpolished diamond of various roughnesses, as shown in Fig. 1 and Suppl. Fig. 2 . The second line of investigation assessed the effect of the presence of the boron dopant.
First, we ascertained that all substrates tested could support differentiation and long-term survival of human neurons and glial cells (Fig. 7) . In all conditions, highly dense neurite formation was observed, forming multiple connections between the cell bodies. However, for certain substrates, most notably for polished diamond and for the diamond films with longer deposition times, there were outward current (I); the latter one included an initial peak and a subsequent steady-state plateau. c) The GV curve of outward voltage-gated currents, which followed a singleBoltzmann fit, was compiled for both the initial peak (red) and the plateau (black). d) Each cell-to-cell Boltzmann fit of single GV curves allowed us to estimate the G max of both peak and plateau outward K þ voltage-gated conductances; the dots represent the value measured for each cell, while the box on the right includes a representation of the mean (small square), 1 s.e.m. boundaries (upper and lower line) and the median (middle line). e) CC recordings consisting of the injection of hyperpolarizing and depolarizing 500 ms current-steps, allowed us to measure the R i and eventual spike-like events as a consequence of V m hyper-and de-polarization. f) The voltage deflection was plotted vs the injected current for 7 cells, showing a linear increase at lower V m but a progressive reduction of the slope as the cell gets more depolarized. This is mostly due to the activation of voltage-gated K þ conductances upon depolarization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
areas with few or no neurites. When these were quantified by measuring the sum of all the areas free of neurites on a particular microscopic field, we found that the area devoid of neurites increased with increasing deposition time and hence the diamond crystal size. A significant difference was observed between the substrates with the smallest crystals (grown for 2 and 4 h) either undoped or doped, compared to the undoped substrate grown for 12 h (Fig. 8a) . In the case of polished diamond, the surface of the area devoid of neurites was between that seen with small and large diamond crystals, and no statistically significant difference could be calculated with any of the other conditions. When the cell number was assessed we observed a similar general trend: namely the surface with the largest crystals had the lowest number of cells although no significant difference was seen between different conditions (Fig. 8b ). Together these data indicate that from the conditions tested, polycrystalline diamond with smaller crystallites (i.e. with no more than 1 mm average distance between peaks) is the optimal substrate for the differentiation of human neural progenitors. This is consistent with previous work [15, 18] , which showed that small-grained ultrananocrystalline diamond promotes neuronal attachment and outgrowth.
Presence of boron as a dopant does not affect cell survival
Comparing the size and number of neurons grown on undoped and boron-doped diamond we found that boron-doped diamond has no adverse influence on cell survival and neurite formation. However, this does not preclude the possibility that boron induces some level of apoptosis, which is compensated in long-term culture by cell proliferation. To check for this we tested for the presence of Caspase 3, which is an "executioner" caspase in the apoptotic pathway activated by proteolitic cleavage [42] . In differentiated cells stained for the activated form (cleaved Caspase 3) we did not observe a difference between the apoptosis levels of cells grown on undoped versus doped diamond. Furthermore, we challenged the cells with 24-h oxidative stress conditions with hydrogen peroxide, a test routinely used in neuroscience research. Hydrogen peroxide significantly increased the apoptosis levels compared to control conditions, but again no difference was observed between the undoped and doped diamond (Fig. 9) , indicating that boron doping, at least at the levels used by us, does not have an apoptotic inducing effect on these types of cells. 
Discussion
We have presented a protocol for undirected neuronal differentiation of human pluripotent cells on diamond substrates, where they can be maintained for long-term culture. The differentiated cells present the indicators of a mature culture with a mixture of neurons and astrocytes. The neurons display mature synaptic markers, clustered in vesicles. The functional characterization of these cells revealed that they develop the fast voltage-gated inward Na þ currents and outward voltage-gated K þ currents which are prerequisite for regenerative action-potential genesis in vertebrate neurons. The neurons also exhibit a negative RMP within the range found in mammalian nerve cells. These data, along with the molecular-marker characterization, reveal that diamond scaffolds are compatible with the development of pluripotent stem cells into more mature neuron-like cells. We show that the presented method can efficiently produce neurons on all substrates tested and provide evidence for polycrystalline diamond with small crystals being the optimal substrate for our purposes. Boron doping of diamond does not adversely affect the culture, either in cell number, neurite formation or apoptosis levels, during basal or stress conditions.
A striking observation derived from this study is that the efficiency of neurite formation is significantly reduced once the average distance between most conspicuous surface features exceeds 1 mm. This has implications not only on future design of diamond surfaces for neuro-research, but also on the design of electrodes for diamond microarrays. Since the current available methods make it challenging to produce diamond electrodes much smaller than 1 mm, another solution, which could be explored, is to space the electrodes at distances exceeding a few times the size of a cell body.
Furthermore, our study pioneers neural differentiation from human pluripotent stem cells maintained in xeno-free, fully defined conditions. This is a trend that will only be accentuated in the coming years, demanded by the need to remove animal contaminants and increase consistency in cell therapy experiments. However, it has to be pointed out that the differentiation process itself employed was not xeno-free as both the supplements used here (B27 and N2) contained BSA. To date, we are not aware of any neuronal differentiation performed in xeno-free conditions. Such an attempt, in the future, will either have to replace the bovine albumin with human one, or dispense with it altogether, as in the case of E8 medium for pluripotent cells. Removing albumin from the medium will be more challenging for neuronal cells than for pluripotent cells considering the long differentiation procedure and the particular sensitivity of human neural cells. On the other hand, human albumin is a very expensive alternative and a limited resource.
Conclusions
Diamond is a suitable substrate for long-term culture of human neurons and boron doping does not aversely affect its role as a cellular substrate. Following our protocol, mature electrically active neurons can be maintained and studied. This work provides a platform towards a diamond MEA for the study of human neuronal circuits.
